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ABSTRACT
We present X-ray spectral analysis of 20 point-like X-ray sources detected in Chandra Planetary
Nebula Survey (ChanPlaNS) observations of 59 planetary nebulae (PNe) in the solar neighborhood.
Most of these 20 detections are associated with luminous central stars within relatively young, compact
nebulae. The vast majority of these point-like X-ray-emitting sources at PN cores display relatively
“hard” (≥ 0.5 keV) X-ray emission components that are unlikely to be due to photospheric emission
from the hot central stars (CSPN). Instead, we demonstrate that these sources are well modeled by
optically-thin thermal plasmas. From the plasma properties, we identify two classes of CSPN X-
ray emission: (1) high-temperature plasmas with X-ray luminosities, LX, that appear uncorrelated
with the CSPN bolometric luminosity, Lbol; and (2) lower-temperature plasmas with LX/Lbol ∼
10−7. We suggest these two classes correspond to the physical processes of magnetically active binary
companions and self-shocking stellar winds, respectively. In many cases this conclusion is supported
by corroborative multiwavelength evidence for the wind and binary properties of the PN central stars.
By thus honing in on the origins of X-ray emission from PN central stars, we enhance the ability of
CSPN X-ray sources to constrain models of PN shaping that invoke wind interactions and binarity.
Subject headings: planetary nebula: general,stars: evolution,stars: winds, X-rays: stars
1. INTRODUCTION
The late stages of evolution of low- to intermediate-
mass stars (1-8 M⊙) are characterized by high rates
of mass loss on the red and asymptotic giant branches
(RG and AGB, respectively). During the post-AGB
phase the lost mass is shaped by a fast, possibly colli-
mated, wind into a planetary nebula (PN) that is ion-
ized by the bright (103 − 104L⊙) and hot (> 30 kK)
central star (CSPN). After reaching their highest tem-
peratures, the CSPNe turn back in the H-R diagram
towards lower temperatures and luminosities as they
approach the white dwarf (WD) cooling track (e.g.,
Bloecker 1995). This post-AGB/pre-WD evolutionary
period is short-lived (103 − 105 years depending on the
initial mass of the star). If one ignores the potentially
important effects of binarity, the evolution of the PN
proceeds in lock step with the CSPN on a given evo-
lutionary mass track (Perinotto et al. 2004), with the
nebular density being the highest early in the evolu-
tion and decreasing as the CSPN approaches the WD
cooling track. Peculiar spectral types are littered along
this evolutionary path (Mendez 1991); some central stars
show strong Wolf-Rayet-like emission lines, some share
characteristics with the class of H-deficient PG1159-type
stars, and others are classified as hot sub-dwarfs, some-
times in close binary systems with late-type companions.
Whether any of these peculiar spectral types follow a
common evolutionary sequence is a matter of open de-
bate (De Marco & Soker 2002; Werner & Herwig 2006).
PNe are commonly detected as X-ray sources (Kast-
ner et al. 2012; hereafter, Paper I). Typically, this X-
ray emission from PNe comes in two forms: (1) com-
pact point-like sources in the vicinity of the central stars
and (2) extended diffuse X-ray emission from adiabatic
shocks and hot bubbles (see Paper I, and references
therein). In the 1990’s, ROSAT established that most
PNe detected in X-rays generated X-ray photons with
energies < 0.5 keV, consistent with emission from the
photospheres of hot CSPNe (Guerrero et al. 2000). But a
few ROSAT spectra of PNe featured X-ray emission >0.5
keV. Several of these were later established by the Chan-
dra X-ray Observatory to originate from diffuse nebular
emission (e.g., Kastner et al. 2000). The notable excep-
tion is the central star of the Helix Nebula, whose “hard”
X-ray emission remains point-like even at Chandra’s
subarcsecond resolution (Guerrero et al. 2001). Since
CSPNe can reach temperatures of 100-200 kK, photo-
spheric X-ray emission from CSPNe is not unexpected,
but any “hard” X-ray emission, i.e. X-ray photons with
energies >0.5 keV, might be expected to fall below the
detection threshold (see Appendix A). Nonetheless, en-
ergetic photons >0.5 keV are detected from roughly a
third of those observed CSPNe (Paper I; Freeman et al.
2014, hereafter Paper II).
The origins and emission mechanisms underlying these
point-like hard X-ray sources are unclear, but a few sce-
narios have been proposed. When similarly hard X-ray
emitting sources are observed in white dwarfs, they are
typically attributed to known binary companions with
active coronae (O’Dwyer et al. 2003; Chu et al. 2004;
Bil´ıkova´ et al. 2010). Montez et al. (2010) argued in
favor of a binary origin for hard X-ray emission from
CSPNe known to harbor companions. In two post-
common envelope binary (PCEB) central stars, DS 1
and HFG 1, and a binary CSPN with a rapidly rotat-
2 Montez et al.
ing giant companion, LoTr 5, the X-ray spectra indi-
cated plasma temperatures
>∼ 10 MK and ratios of X-ray
to bolometric luminosity, LX/Lbol, at or near coronal
saturation levels (i.e., LX/Lbol ∼ 10−3) given the spec-
tral type and bolometric luminosities of the companions.
This led Montez et al. (2010) to suggest that the com-
panions were spun-up during the evolution of the CSPN,
perhaps by past wind accretion, exchange of orbital en-
ergy, or synchronization of the binary orbit and stellar
rotation. However, in the case of the Helix central star —
which is the brightest and best-studied example of such
hard X-ray emission (Guerrero et al. 2001) — evidence
for a binary companion is only tentative (Gruendl et al.
2001), underscoring the need for caution in invoking com-
panions as sources of the hard X-rays from CSPNe.
Alternatively, instabilities in the line-driven stellar
winds from CSPNe may also produce X-ray emitting
shocks in the immediate vicinity of the central star,
as has been theorized to explain X-ray emission in O-
stars (Feldmeier et al. 1997). Indeed, Herald & Bianchi
(2011) have demonstrated the importance of such wind-
shock-generated X-ray emission on the photospheric ion-
ization structure in a sample of H-rich CSPNe with far-
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UV, UV, and optical spectroscopy. They find that X-
ray fluxes from shocks are necessary to explain the UV
emission from high ionization species of oxygen (O VI
and O VII) in the coolest CSPNe (Teff
<∼ 45 kK)
and can also play a role at higher CSPN tempera-
tures. Kaschinski et al. (2013) have also included X-ray
fluxes from shocks in their modeling of central star spec-
tra. Their model does not require wind clumping, in-
stead utilizing a self-consistent hydrodynamic method
for determining the CSPN and wind parameters. In
both examples, the authors stress the need for X-ray
flux to reproduce the observed UV spectra; hence, the
origin of many or perhaps most hard-X-ray emitting
CSPNe may be shocks in the circumstellar environment.
Guerrero & De Marco (2013) studied the UV spectra of
several CSPNe observed by the Far Ultraviolet Spectro-
scopic Explorer (FUSE) and found that CSPNe with
variable P Cygni profiles can show high ionization po-
tential ions (e.g., O VI) even though the CSPN effective
temperatures are too low to to yield such high ionization
states. The authors suggested that Auger ionization from
X-ray emission associated with shocks in the CSPN stel-
lar winds are responsible for these highly ionized ions, as
is the case in massive OB stars.
Additional explanations for hard X-rays from CSPNe
potentially offer novel explorations of other physical pro-
cesses:
• A low-level rate of accretion of PN material, so-
called ”back flow” (Soker 2001), could explain the
X-ray emission. In the presence of a strong stellar
wind spherical accretion is unlikely and for back
flow to occur, the material must be dense and lim-
ited to a small solid angle (Soker 2001). However,
for an evolved CSPN like that of the Helix, for
which the stellar wind is weak fall back of nebu-
lar material cannot be ruled out.
• Model atmospheres that account for the effects of
departures from local thermodynamic equilibrium
(i.e., non-LTE models) predict an excess of “hard”
X-ray emission for the hottest CSPNe (Rauch 2003,
also see Appendix).
• A CSPN on its way to becoming a highly
magnetic white dwarf (Schmidt et al. 2003;
Vanlandingham et al. 2005) may display magnetic
reconnection events and energetic X-ray flaring.
• If most PNe form from binary systems (De Marco
2009), then colliding winds between the two
stars could provide strong shocks capable of pro-
ducing X-ray emission, as in symbiotic stars
(Muerset et al. 1997) and O star binary systems
(e.g., Naze´ et al. 2011), but if the secondary is a
late type star, the winds may be too weak to sup-
port such a scenario.
Clearly, for any of these potential explanations for the
point-like X-ray emitting sources detected at CSPNe, the
binary and wind properties of the CSPN are essential
characteristics that can help determine the origin of the
X-ray emission.
The Chandra Planetary Nebulae Survey (ChanPlaNS),
described in Papers I & II, has resulted in detections of
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point-like sources of X-ray emission in the 0.3-3.0 keV
band for 20 of 59 PNe observed thus far1. In this third
paper of ChanPlaNS, we explore the X-ray emission from
central stars in greater detail. We evaluate emission mod-
els against the observed X-ray characteristics (§2.2 &
§2.3). We then use these models to analyze the spectra
of the 20 X-ray emitting CSPNe (§2.4 & §2.5). The re-
sults of our spectral analysis are presented in §3. We have
considered these results when estimating upper limits for
the 39 undetected CSPNe (§3.7). Finally, we present a
summary and discussion the origin of point-like sources
of X-ray emission from CSPNe (§4).
2. DATA ANALYSIS
Our observations are comprised of archival and tar-
geted observations performed by the Chandra X-ray Ob-
servatory (CXO), typically with the back-illuminated
chip (S3) of the Advanced CCD for Imaging Spectroscopy
(ACIS), which provides optimal soft X-ray sensitivity.
We follow all recommended data preparation steps and
use source detection algorithms to find X-ray source co-
ordinates, count rates, and limits. These steps and pro-
cedures are described in the ChanPlaNS overview paper
(Paper I). In the following, we detail the various analy-
ses employed specifically for the study of point-like X-ray
sources detected among the ChanPlaNS PNe.
2.1. Data Preparation
We have extracted source and background X-ray count
rates, median energies, and spectra for all observed cen-
tral stars using the CIAO X-ray data analysis software
package (CIAOv4.6; Fruscione et al. 2006). Source and
background extraction regions were selected to avoid con-
tamination from field X-ray sources and, when present,
diffuse X-ray emission. Some X-ray point sources are em-
bedded within extended X-ray emission (e.g., NGC 6543,
NGC 2392) and we discuss these cases in detail in §2.5.
To better isolate the point-like sources we employed the
sub-pixel repositioning (SER) algorithm (Li et al. 2003).
By employing this algorithm, we decrease the FWHM of
the PSF by 40-70% (Li et al. 2003, 2004; Anderson et al.
2011), thereby allowing us to use the smallest source
extraction region possible. Nevertheless, diffuse X-ray
emission may still contaminate the point source spectra,
as we further discuss in §2.5. The off-axis observation
of LoTr 5 requires a larger extraction region; for further
details we refer the reader to Montez et al. (2010).
2.2. Families of Models Considered
Since the central stars have to be hot enough to ionize
their nebulae (T∗ > 30 kK), we first attempted to model
the X-ray emission with photospheric models. The pho-
tospheric models we considered included blackbody dis-
tributions, solar abundance NLTE models, and NLTE
atmosphere models with PG1159-like abundances (see
Rauch 2003). However, as demonstrated in Appendix A,
in most cases these photospheric mechanisms are unlikely
to contribute significantly to X-ray emission in the 0.3-
8.0 keV energy band. However, photospheric contribu-
tions to X-ray emission at energies
<∼ 0.3 keV are def-
1 The point-like source of X-ray emission detected from the cen-
tral star of M 27 (Paper I) is not included among these 20 detected
CSPNe, as its photons all have energies <0.3 keV.
initely a possibility. Indeed, all the X-ray photons de-
tected from the central star of M 27 have energies
<∼
0.3 keV and are therefore likely due to the ∼130 kK
central star photosphere. However, since the standard
calibrations provided by the Chandra X-ray Center are
not reliable for energies less than 0.3 keV (see discus-
sion in Montez & Kastner 2013), we only consider mod-
els that can produce photons with energies ≥ 0.3 keV. In
Appendix A, we demonstrate that only the hottest, H-
deficient, high-gravity central stars seem capable of pro-
ducing detectable X-ray flux for photon energies ≥ 0.3
keV. Yet, even in these few instances, it is necessary
to introduce an additional source of X-ray emission to
reproduce the X-ray spectra for energies ≥ 0.3 keV
(Hoogerwerf et al. 2007; Montez & Kastner 2013).
We conclude that a purely photospheric origin is dif-
ficult to reconcile with the ChanPlaNS observations of
X-rays from CSPNe. Hence, for the remainder of our
analysis, we explore optically-thin thermal plasma as the
most promising emission model for the X-ray emission
with photon energies ≥0.3 keV detected from CSPNe (as
demonstrated in the following section). It is important to
note that in choosing to focus on thermal plasma models,
we have specified the emission model, but not the phys-
ical origin of the X-ray emission, since such models can
be used to describe accretion, wind shocks, and coronal
emission.
In the analysis that follows, we adopt an optically-
thin thermal plasma model (APED/APEC; Foster et al.
2012) parameterized by its abundances, temperatures,
and emission measure. We assume solar abundances
(Anders & Grevesse 1989) but note that deviations from
solar abundances can affect the X-ray spectrum if the
X-ray emission originates from highly-ionized emission
lines in the metal-rich winds (see §4). We include the
effects of intervening absorption — which may be due to
circumstellar and/or interstellar material — by means
of the wabs absorption model (Morrison & McCammon
1983).
2.3. Median Energy as a Proxy
To verify that the X-ray characteristics of CSPNe are
best modeled by an optically-thin thermal plasma, we
considered the relevant general parameter space of the
absorbed plasma models via a grid of model calculations.
For ranges of intervening hydrogen column density (NH)
from 1019−1022 cm−2 and characteristic plasma temper-
ature (TX) from 1 to 40 MK, with solar abundances, we
convolved the plasma models with representative Chan-
dra/ACIS effective area and response matrix calibration
files to produce a grid of X-ray spectra. We then deter-
mined the median energy of each resulting X-ray spectral
distribution to find the locus of a given TX in a plot of
NH versus Median Energy. The resulting loci are plot-
ted in Figure 1 and show the behavior of the median
energies that would be measured from these absorbed
thermal plasma models. Positions of the CSPNe are
also indicated in Figure 1, with their values of NH es-
timated from the cHβ logarithmic extinction coefficient
determined in Frew (2008) and Frew et al. (2013). We
used the relationships EB−V = cHβ(0.61 + 0.024cHβ),
adopted from Kaler & Lutz (1985), AV = RV EB−V
with RV = 3.1, and NH = 1.8 × 1021 mag−1 cm−2AV
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Fig. 1.— Plot of NH versus median energy for absorbed thermal
plasma models and for point-like X-ray emitting sources detected
in the ChanPlaNS survey (Papers I & II). Plasma temperatures,
log TX (K), are labeled on the model curves. Known binary CSPNe
and hot CSPNe with WR or PG1159 spectral type have been iden-
tified as diamond and square symbols, respectively. The CSPN of
the Helix Nebula is identified by a hexagon symbol. The model-
corrected median energies of NGC 2392 and NGC 6543 (see §3.3)
are connected to the lower-energy, uncorrected points by a dashed
line. The left-most point in this figure is the central star of M 27,
which produces no photons above 0.3 keV and is the only source
on this diagram characteristic of the “pure” X-ray emission of a
hot photosphere. Objects with little to no extinction (as measured
by cHβ) are placed at logNH (cm
−2) ∼ 19.6.
(Bohlin et al. 1978) to convert cHβ to NH . For cases
where cHβ = 0 we have set logNH(cm
−2) = 19.6. Un-
certainties on estimates of the optical extinction (cHβ)
range from a few percent up to 50% (e.g., Cahn et al.
1992), leading to uncertainties of up to 30% in EB−V .
However, it is likely that the dominant source of uncer-
tainty in the resulting adopted values of NH is the AV
to NH conversion factor (i.e., essentially the dust/gas
ratio in the absorbing medium). Indeed, it is impor-
tant to point out that the cHβ measurements are deter-
mined from the Balmer decrement of the nebular emis-
sion, hence are representative of the extinction between
the observer and the hydrogen recombination zone of the
nebula. Additional absorption of X-ray emission by the
ionized material between the central star and this hydro-
gen recombination zone nebula is possible. Such an ef-
fect is presumably stronger in the most compact nebulae,
for which the nebular densities are highest, and becomes
less important for larger nebulae. Nevertheless, Figure 1
indicates that absorbed thermal plasma emission mod-
els can reproduce the observed distributions of median
energies and NH that are characteristic of point-source
X-ray emission from PNe.
2.4. Spectral Fitting
We analyzed our extracted spectra in XSPEC (version
12.7.1; Arnaud 1996) by fitting optically-thin isothermal
plasma models with solar abundances and suffering inter-
vening absorption (characterized by the column density
of H atoms, NH). It is important to note that our obser-
vations and detections are generally photon-starved. The
source photons (background-subtracted) number as few
as 6, with a median number of detected photons for all
sources of 36 (see Table 3 in both Papers I & II). Only 6
sources have more than 100 photons detected. Due to the
low counts, we find a combination of Churazov weighting
and Monte Carlo Markov Chains (MCMC) provides the
best balance of spectral fit constraints and “goodness”
estimation. We used 10,000 steps in our MCMC analysis
for each spectral fit and studied the χ2 and model param-
eter (NH , TX, and model normalization) distributions to
identify ill-fitting models.
We performed spectral fits over the 0.3-3.0 keV en-
ergy range for two alternative models, one with NH set
to a value calculated from the observed value of cHβ
(referred to as the “fixed-NH” model and “Model 1”)
and another with NH as a free parameter (referred to
as the “free-NH” model and “Model 2”). The results
of our spectral fitting for both models are presented in
Figure 2 and Table 1. Table 1 provides the model pa-
rameters (NH , TX , and model normalization) and fluxes
and luminosities derived by integrating the best-fit model
over the 0.3-3.0 keV energy range. The observed X-ray
flux, FX,obs, includes the effects of intervening absorp-
tion while the source, or intrinsic, X-ray flux, FX,src, does
not. The X-ray luminosity, LX, is calculated from FX,src
using LX = 4piFX,srcD
2 for the distances presented in
Table 4. Reported errors in Table 1 are 90% confidence
ranges derived from the MCMC distributions for each
best-fit parameter with an additional 30% uncertainty in
distance propagated into the error calculation of X-ray
luminosity.
In Figures 3 and 4 we compare the parameters of the
fixed-NH and free-NH models. We generally find good
agreement. For those few PNe with “reliable” NH de-
termined from spectral fitting, there is a tendency for
cHβ to under-predict NH , which could indicate either
(a) extra absorption and/or (b) the higher metal content
of the nebular material (Figure 3, also see discussion in
§2.3). Some fits have large uncertainties, arising from
our attempt to constrain NH . Often the uncertainty
in NH leads to a comparable uncertainty in the model
normalization (Figure 4), and hence the model flux and
luminosity estimates. A few free-NH models predict X-
ray luminosities, LX , in the 0.3-3.0 keV range, that are
similar to the central star bolometric luminosities, i.e.,
LX/Lbol ∼ 1, which is clearly unphysical. For certain
spectra with very few counts, like that of the CSPN of
Lo 16, we are unable to constrain any of the model pa-
rameters. We consider all spectral fits further and on a
case by case basis in §3.
2.5. Mitigating contamination of CSPN X-ray spectra
by diffuse X-ray emission
Five ChanPlaNS PNe (NGC 2371-72, NGC 2392, NGC
6543, NGC 6826, and NGC 7009) contain both point-like
and diffuse sources of X-ray emission. The extracted
spectra of the point-like component may be contami-
nated by the diffuse X-ray emission. Here, we describe
the use of spatial and spectral properties of the two emis-
sion sources to distinguish between them and thereby
determine the degree of contamination of the point-like
source by the diffuse source.
First, we compare the cumulative distributions of pho-
ton energies for the point-like source and for the dif-
fuse source with the point-like source excised (Figure 5).
These cumulative distributions reveal the stark difference
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Fig. 2.— Background-subtracted spectra of CSPNe that are compact X-ray sources. We have performed spectral fitting with an absorbed,
single temperature, optically-thin thermal plasma, as described in the text (see §2.4). The dashed line indicates the best-fit model with
NH set to the value derived from cHβ measurements, while the dotted line indicates the best-fit model with NH left as a free parameter.
In most cases, the two models agree or are indistinguishable.
between the central point-like sources in NGC 2371-72,
which is very soft compared to the diffuse emission, and
in NGC 2392, whose point-like source is very hard com-
pared to the diffuse emission. Other point-like sources
are less distinct from their diffuse counterparts. To quan-
tify the difference of the cumulative distributions, we
perform a two-sided, two-sample K-S test to compare the
point-like and diffuse energy distributions (Table 2). The
p-values of our K-S tests suggest that all of our point-
like sources are distinct with respect to the diffuse X-ray
emission, with the point-like sources in NGC 6826 and
NGC 7009 showing the most similarity to their diffuse
counterparts.
Next we generated narrow energy-filtered images
across the 0.15 keV to 3.0 keV energy range, that are
restricted to a small region (5′′ × 5′′) around the central
point-like source. For a view of the entire nebula and
diffuse X-ray emission, we refer the reader to Figure 3
of Papers I & 2. By zooming into the central region, a
given sequence of images allows us to study the spatial
distribution of the detected photons in each energy range
(see Figure 6). From these images we conclude that the
point-like sources in NGC 2392 and NGC 6543 are highly
contaminated by the diffuse component at soft energies
<∼ 0.75 keV. In the lower energy bands, NGC 2392 and
NGC 6543 appear contaminated by the diffuse emission,
but the point-like source peaks at higher energies. The
point-like source in NGC 2371-72 is not contaminated
since its diffuse emission is quite far from the central
source. The low count rate emission detected from the
central regions of NGC 6826 and NGC 7009 makes it dif-
ficult to determine the degree of contamination, if any.
Thus, for NGC 6826 and NGC 7009, we cannot make any
further quantitative estimates for the degrees of diffuse
contamination of their central point-like sources.
From the narrow-band spectral images (Figure 6) we
identified that the point-like sources in NGC 2392 and
NGC 6543 could be separated spectroscopically. For
each point-like source spectrum, we ignored energies
< 0.75 keV, which removes most of the contaminating
diffuse X-ray emission, as suggested by Figure 6. Next
we fit the X-ray spectrum for energies > 0.75 keV with
both the fixed-NH and free-NH isothermal plasma mod-
els. Finally, we add the previously fit spectral model
from Table 1 and refit the entire 0.3 to 3.0 keV X-ray
spectrum with this hybrid two-temperature component
model. The resulting fits are presented in Table 3 and
Figure 7. The energy distributions of these newly added
hard components better reproduce the point-like emis-
sion seen in the narrow-band spectral images in Figure 6,
leading us to adopt the hard component as representative
of the central source, while the soft component represents
the contamination by the diffuse X-ray emission.
3. RESULTS
To facilitate discussion, we adopt one of the two
isothermal plasma models (fixed-/free-NH) based on the
quality of the spectral fit and physical parameters of each
model for each CSPN. In many cases, it is straightfor-
ward to choose the fixed-NH model over free-NH model
because of the lack of constraint on NH and/or the pre-
diction of an unphysical value of LX (Table 1). Below
we further detail the choice of a particular model and be-
gin to evaluate the potential origin(s) for the point-like
X-ray emission on a case by case basis, including (where
possible) supplementary information on the CSPN (tem-
perature, luminosity, spectral type, winds, binarity, and
nebular morphology). In Table 4 columns 2-5 provide
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Fig. 3.— Column densities derived from cHβ measurements (ab-
scissa) and spectral fitting (ordinate). Known binary CSPNe, hot
CSPNe with WR or PG1159 spectral type, and the Helix CSPN
have been identified as in Figure 1.
the central star properties (D, Tstar, Lbol, and spectral
type [S.T.]) taken from Frew (2008) and Papers I & II,
except as indicated. Column 6 gives binary informa-
tion compiled from De Marco (2009), Frew (2008), and
updates maintained by D. Jones2, for detailed refer-
ences see Papers I & II. Column 7 gathers informa-
tion from FUSE (Guerrero & De Marco 2013) and IUE
(Cerruti-Sola & Perinotto 1985; Patriarchi & Perinotto
1991) UV spectroscopy. Columns 8-11 detail the adopted
model parameters (Model, NH , TX, and LX) from Ta-
ble 1 and Table 3. Finally, in the following, we have
grouped the CSPNe into a few loosely-defined categories.
3.1. CSPNe with active or close companions
DS 1, HFG 1, Lo 16, LoTr 5, NGC 6337, and Sp 1: Each
of these CSPN is a known binary system with a close
binary nucleus (orbital period
<∼ 20 days) or a known
rapidly rotating companion (in the case of LoTr 5). LoTr
5, DS 1, and HFG 1 were the subject of a detailed-study
by Montez et al. (2010). For DS 1, HFG 1, Lo 16, and
Sp 1 we adopt the fixed-NH model, which better repro-
duces the spectral energy distributions; furthermore, for
these harder X-ray sources, it is more difficult to con-
strain NH , which is more sensitive to soft X-ray pho-
tons. For NGC 6337 we adopt the free-NH model. For
LoTr 5, neither isothermal plasma model could reproduce
the spectrum, so we adopt the two-temperature plasma
model from Montez et al. (2010). There is no evidence
for a stellar wind from DS 1 or HFG 1, while LoTr 5 has
a weak wind. There are no known UV observations of
2 A list of known binary CSPNe is maintained by Dr. David
Jones at http://www.drdjones.net/?q=bCSPN
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TABLE 1
X-ray Spectral Fits for Compact Sources in Planetary Nebulae
Object Mo- log NH TX log norm log FX,obs log FX,src log LX
del (cm−2) (MK) (cm−3) (erg s−1 cm−2) (erg s−1 cm−2) (erg s−1)
DS 1 1 20.88 14.72+12.20−1.89 -5.28
+0.41
−0.13 -14.07
+0.14
−0.11 -13.97
+0.41
−0.13 29.83
+0.49
−0.29
2 <21.6 15.04+727.64−170.60 -5.33
+0.62
−0.02 -14.04
+0.14
−0.32 -14.04
+0.62
−0.02 29.77
+0.67
−0.26
HBDS 1 1 20.81 2.11+0.17−0.15 -5.29
+0.08
−0.08 -14.32
+0.05
−0.06 -14.06
+0.08
−0.08 29.82
+0.27
−0.27
2 <20.9 2.24+0.18−0.16 -5.52
+0.20
−0.09 -14.26
+0.13
−0.13 -14.26
+0.20
−0.09 29.62
+0.33
−0.27
HFG 1 1 21.37 8.81+9.30−1.61 -4.60
+0.36
−0.06 -13.42
+0.09
−0.07 -13.09
+0.36
−0.06 30.54
+0.44
−0.27
2 21.78+0.16−0.08 6.67
+1.23
−2.77 -4.06
+0.97
−0.14 -13.36
+0.05
−0.08 -12.56
+0.97
−0.14 31.07
+1.00
−0.29
LO 16 1 21.47 15.87+14.24−2.56 -6.06
+0.39
−0.17 -15.08
+0.21
−0.16 -14.80
+0.39
−0.17 29.13
+0.47
−0.31
2 <23.2 15.90+725.12−9.37 -6.23
n/a
n/a
-15.09
n/a
n/a
-14.98
n/a
n/a
28.95
n/a
n/a
LOTR 5† 1 19.53 11.56+25.85−12.22 -4.23
+1.18
−0.72 -12.79
+0.26
−0.10 -12.79
+1.18
−0.72 30.69
+1.21
−0.77
2 21.82+0.18−0.06 7.03
+1.42
−3.57 -3.40
+1.72
−0.12 -12.73
+0.04
−0.08 -11.90
+1.72
−0.12 31.58
+1.74
−0.29
NGC 246†† 1 20.01 0.41+0.00−0.00 -0.59
+0.08
−0.08 -12.28
+0.03
−0.03 -12.16
+0.08
−0.08 31.31
+0.27
−0.27
2 21.06+0.15−0.06 0.32
+0.00
−0.01 1.44
+0.87
−0.16 -12.45
+0.43
−0.07 -11.13
+0.87
−0.16 32.35
+0.91
−0.30
NGC 1360 1 19.53 1.39+0.31−0.31 -4.72
+0.67
−0.20 -13.84
+0.19
−0.12 -13.82
+0.67
−0.20 29.41
+0.72
−0.33
2 <21.2 1.39+0.26−0.18 -4.72
+0.46
−0.15 -13.84
+0.18
−0.25 -13.83
+0.46
−0.15 29.41
+0.53
−0.30
NGC 1514 1 21.44 1.79+0.20−0.12 -4.70
+0.13
−0.13 -14.55
+0.05
−0.06 -13.58
+0.13
−0.13 29.64
+0.29
−0.29
2 21.69+0.12−0.03 1.58
+0.00
−0.36 -3.87
+1.80
−0.05 -14.54
+0.03
−0.06 -12.85
+1.80
−0.05 30.36
+1.82
−0.26
NGC 2371-72†† 1 20.38 0.32+0.00−0.06 -0.07
+3.10
−0.04 -12.91
+0.19
−0.21 -12.62
+3.10
−0.04 31.76
+3.11
−0.26
2 <23.4 0.32+1.02−0.18 -0.39
n/a
n/a
-12.84
n/a
n/a
-12.84
n/a
n/a
31.54
n/a
n/a
NGC 2392† 1 20.90 8.90+1.42−6.73 -5.45
+1.68
−0.03 -14.06
+0.37
−0.04 -13.94
+1.68
−0.03 30.35
+1.70
−0.26
2 21.84+0.20−0.38 7.27
+4.57
−5.34 -4.63
+1.20
−0.16 -13.98
+0.14
−0.01 -13.13
+1.20
−0.16 31.16
+1.22
−0.30
NGC 4361 1 20.31 0.66+0.06−0.13 -3.38
+1.83
−0.20 -13.78
+0.27
−0.10 -13.58
+1.83
−0.20 30.45
+1.85
−0.33
2 <21.4 0.69+0.21−0.04 -3.67
+0.70
−0.20 -13.75
+0.37
−0.34 -13.75
+0.70
−0.20 30.28
+0.75
−0.33
NGC 6337 1 21.49 14.43+57.25−2.05 -5.25
+0.82
−0.05 -14.23
+0.33
−0.06 -13.92
+0.82
−0.05 30.02
+0.86
−0.27
2 22.03+0.31−0.10 8.28
+2.45
−4.78 -4.53
+2.65
−0.20 -14.09
+0.09
−0.17 -13.02
+2.65
−0.20 30.93
+2.67
−0.33
NGC 6445 1 21.64 10.71+3.39−6.95 -5.35
+0.59
−0.11 -14.37
+0.12
−0.16 -13.88
+0.59
−0.11 30.48
+0.64
−0.28
2 22.01+0.19−0.08 2.62
+0.63
−0.85 -3.79
+2.49
−0.25 -14.37
+0.12
−0.18 -12.47
+2.49
−0.25 31.89
+2.50
−0.36
NGC 6543† 1 20.53 1.45+0.28−0.09 -4.45
+0.09
−0.16 -13.69
+0.04
−0.05 -13.51
+0.09
−0.16 30.92
+0.28
−0.30
2 21.17+0.17−0.25 1.10
+0.28
−0.06 -3.55
+0.41
−0.35 -13.70
+0.12
−0.05 -12.91
+0.41
−0.35 31.52
+0.49
−0.43
NGC 6826 1 20.71 2.17+0.39−0.48 -5.23
+0.28
−0.15 -14.19
+0.11
−0.13 -13.99
+0.28
−0.15 30.32
+0.38
−0.30
2 21.89+0.10−0.06 0.81
+0.17
−0.15 -1.06
+2.58
−0.36 -14.25
+0.03
−0.14 -10.87
+2.58
−0.36 33.43
+2.59
−0.44
NGC 7008†† 1 21.27 7.50+2.04−4.90 -5.66
+0.99
−0.14 -14.44
+0.17
−0.15 -14.15
+0.99
−0.14 29.62
+1.02
−0.30
2 21.84+0.38−0.23 2.06
+1.28
−0.62 -3.82
+3.01
−0.41 -14.38
+0.11
−0.20 -12.60
+3.01
−0.41 31.16
+3.02
−0.48
NGC 7009 1 20.61 2.85+2.54−0.69 -5.32
+0.26
−0.25 -14.13
+0.12
−0.18 -13.99
+0.26
−0.25 30.41
+0.37
−0.36
2 21.81+0.23−0.06 1.33
+0.33
−0.25 -2.71
+1.33
−0.28 -14.11
+0.07
−0.19 -11.87
+1.33
−0.28 32.53
+1.36
−0.38
NGC 7094†† 1 20.61 11.79+10.01−2.54 -6.01
+0.41
−0.18 -14.64
+0.16
−0.19 -14.58
+0.41
−0.18 29.79
+0.49
−0.32
2 <22.3 12.00+720.12−1.49 -6.04
+1.97
−0.34 -14.62
+0.09
−0.41 -14.62
+1.97
−0.34 29.75
+1.99
−0.43
NGC 7293 1 19.53 11.22+0.26−0.28 -4.37
+0.02
−0.02 -12.92
+0.02
−0.02 -12.91
+0.02
−0.02 29.85
+0.26
−0.26
2 20.29+0.45−0.32 11.20
+0.26
−0.30 -4.34
+0.04
−0.03 -12.92
+0.01
−0.02 -12.89
+0.04
−0.03 29.88
+0.26
−0.26
SP 1 1 21.42 3.17+3.18−0.64 -5.63
+0.25
−0.26 -14.91
+0.10
−0.11 -14.28
+0.25
−0.26 29.90
+0.36
−0.37
2 22.18+0.07−0.03 0.55
+0.07
−0.03 1.67
+0.71
−0.29 -14.89
+0.06
−0.14 -8.94
+0.71
−0.29 35.24
+0.75
−0.39
Note. — Model 1 and Model 2 correspond to the fixed-NH and free-NH models, respectively, as discussed in the text.
† Indicates that we adopt a separate value for the spectral fit. In the case of LoTr 5, we adopt the fit from Montez et al.
(2010), while NGC 2392 and NGC 6543 are found to be contaminated by diffuse X-ray emission and their spectral fits are
revisited in §3.3 and reported in Table 3.
†† Indicates spectral fits are unreliable for NGC 246, NGC 2371-72, NGC 7008, and NGC 7094, as discussed in §3.
the CSPNe of Lo 16 and NGC 6337. We later (§4.2) ar-
gue that magnetically active coronae at the companions
are the likely sources of the X-ray emission in all five of
these cases.
3.2. Hot PG1159-type CSPNe
NGC 2371-72, NGC 246, NGC 7094: Each of these hot
PG1159 central stars have no compelling evidence for
close binary companions. However, all display strong
P Cygni wind profiles. We cannot constrain NH for
any of these sources and neither the fixed-NH nor free-
NH models can reproduce the spectra of NGC 7094 nor
NGC 246. We interpret this as an indication that these
models are poor representations of the X-ray emission.
The spectra are soft, which might indicate the pres-
ence of highly ionized carbon line emission as in the hot
PG1159 central stars within K 1-16 (Montez & Kastner
2013) and NGC 246 (Hoogerwerf et al. 2007). That NGC
246 and K 1-16 are both hydrogen deficient PG1159-
type central stars led Montez & Kastner (2013) to sug-
gest that such carbon-rich X-ray emitting plasma is
a common feature of this class of CSPNe, which are
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TABLE 2
Spectral Separation of Compact and Diffuse Sources
Central Star Hot Bubble K-S Two-Sample Test
Object Nphotons Emedian Nphotons Emedian ∆D p-value
NGC 2371-72 24 0.33 123 0.69 0.62 1.79e-07
NGC 2392 195 1.05 640 0.57 0.52 2.84e-36
NGC 6543 115 0.59 1511 0.51 0.31 2.07e-09
NGC 6826 26 0.66 71 0.55 0.32 2.93e-02
NGC 7009 27 0.70 425 0.61 0.22 1.37e-01
Note. — We provide the properties of the compact and diffuse sources in five PNe
that show both types of emission. The diffuse characteristics were determined from the
total diffuse emission with the central sources excised. The two-sample K-S test produces
two metrics, the K-S statistic, ∆D, which is the maximum distance between the two
normalized cumulative distributions (see Figure 5), and the p-value derived from ∆D.
Confidence in the rejection of the null hypothesis that both samples are from identical
distributions decreases with higher p-values.
TABLE 3
X-ray Spectral Fits for Embedded Compact Sources in Planetary Nebulae
Object Component log NH TX log norm log FX,obs log FX,src log LX
(cm−2) (MK) (cm−3) (erg s−1 cm−2) (erg s−1 cm−2) (erg s−1)
NGC 2392 Compact 20.90 36.28+19.64−7.81 -4.93
+0.08
−0.08 -13.78
+0.07
−0.07 -13.71
+0.08
−0.08 30.58
+0.27
−0.27
NGC 2392 Diffuse 20.90 2.18+0.52−0.49 -5.13
+0.30
−0.16 -14.19
+0.07
−0.07 -13.89
+0.30
−0.16 30.40
+0.40
−0.31
NGC 6543 Compact 20.53 10.07+2.05−1.77 -5.94
+0.15
−0.11 -14.50
+0.06
−0.06 -14.44
+0.15
−0.11 29.98
+0.30
−0.28
NGC 6543 Diffuse 20.53 1.29+0.18−0.16 -4.63
+0.23
−0.15 -14.00
+0.06
−0.06 -13.81
+0.23
−0.15 30.61
+0.35
−0.30
Note. — These nebula feature both compact X-ray sources at the location of the central star and diffuse X-ray
emission which we have spectrally separated. Following the discussion in §2.5, we present the adopted fixed-NH models.
Diffuse spectral fits are only for the emission contained within the circular aperture used for extracting the central point
source and do not represent the total diffuse emission.
believed to have undergone a carbon-enhancing third
dredge-up (Werner & Herwig 2006). Among our sam-
ple, NGC 2371-72 is a [WCE]-type central star and
part of the O VI sequence (Kaler & Shaw 1984) that
is believed to be a precursor to the PG1159-type stars
(Werner & Herwig 2006). The CSPN of NGC 7094
is a member of the rare “hybrid” PG1159 central
star class (Napiwotzki & Schoenberner 1995; Feibelman
2000); in addition to PG1159-type characteristics, the
CSPNe in this class show strong Balmer hydrogen lines
(Napiwotzki & Schoenberner 1991). Like NGC 246, the
CSPNe of NGC 2371-72 and NGC 7094 feature soft X-
ray emission that could be due to carbon-enhanced cir-
cumstellar plasmas and, hence, require a detailed treat-
ment that is beyond the scope of this paper. Further-
more, the low X-ray plasma temperatures might sug-
gest that NLTE photospheric emission contributes to the
emission from these hot CSPNe, as in the case of K 1-
16 (Montez & Kastner 2013). We advise caution in in-
terpreting the model-derived parameters for these three
sources.
3.3. Point-like sources embedded in diffuse emission
NGC 2392, NGC 6543, NGC 7009, NGC 6826: Each of
these PN display resolved composite X-ray sources com-
prised of point-like X-ray sources embedded in diffuse hot
bubble X-ray emission. Since this shared trait required
nuanced analysis, we consider these five nebulae here as
a group. Based on the analysis in § 2.5, we conclude that
NGC 2392 and NGC 6543 are significantly blended with
hot bubble diffuse X-ray emission. The original fits of
the point-like component in these two nebulae (Table 1)
are apparently skewed by the hot bubble emission but,
as described in § 2.5, we were able to spectroscopically
isolate the point-like sources to better determine their
X-ray properties. The fixed-NH and free-NH spectral
models for the isolated point-like components of NGC
2392 and NGC 6543 summarized in Table 3 show gen-
eral agreement in the TX and model normalization pa-
rameters but not in NH , which is unconstrained in the
free-NH model. This is not surprising as the high TX de-
termined for the point-like components is less sensitive to
absorption. Hence the NH best-fit value, or lack thereof,
derived in the free-NH model carries little weight. We
therefore adopt the fixed-NH models for NGC 2392 and
NGC 6543, which use the value of NH determined from
cHβ for these two nebulae. Similarly, for the point-like
component of NGC 7009, the model parameters (Table 1)
agree within errors, but again NH is poorly constrained
in the free-NH model, so we adopt the fixed-NH model.
For NGC 6826 the fixed-NH and free-NH models are in-
consistent across all fit parameters. This is likely due to
contamination by the diffuse component in NGC 6826,
but it is difficult to isolate the point-like spectrum due
to the low number of counts. We adopt the value of NH
determined from cHβ for NGC 6826, but urge caution in
interpreting the derived X-ray properties. There is no
compelling evidence for close binary companions to any
of these CSPNe, but all display P Cygni line profiles.
The high plasma temperature of the compact source in
NGC 2392 is similar to that of LoTr 5, suggesting a po-
tential binary origin. The plasma temperature of the
ChanPlaNS CSPNe X-ray Emission 9
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Fig. 4.— Plasma model parameters derived from spectral fits of
our two (“free-NH” and “fixed-NH”; §2.4) models. Known binary
CSPNe, hot CSPNe with WR or PG1159 spectral type, and the
Helix CSPN have been identified as in Figure 1. The plot range
is limited for clarity, causing the data points for NGC 246, NGC
2371-72, NGC 6826, and SP 1 to fall outside of the plot. Typically,
such a lack of constraint on model normalization occurs when NH
is left as a free parameter (see text and Table 1).
point source in NGC 2392 is the hottest measured from
a central star thus far and there is growing indirect and
direct evidence for a low mass binary companion to its
CSPN (Danehkar et al. 2012; Prinja & Urbaneja 2014).
We conclude that, for this group of CSPNe, wind shocks
and/or heretofore unknown binary companions likely are
responsible for the point-like X-ray emission.
3.4. The central star of the Helix nebula
As the brightest and best-studied example of “hard”
X-ray emission from a CSPN, the CSPN of NGC 7293 re-
mains in its own class. Our two models are in good agree-
ment, so we adopt the free-NH model for the constraint
onNH . The origin of the hard (TX ∼ 14 MK) component
in the Helix CSPN X-ray spectrum remains unknown (see
discussion in Paper I). Late-type binary companions as
cool as late M stars (Ciardullo et al. 1999) appear to be
ruled out and no wind has been measured from the cen-
tral star (Guerrero & De Marco 2013). Gruendl et al.
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Fig. 5.— Cumulative distributions of the X-ray emission from
the central star (solid line) and diffuse emission with the central
star excised (dotted line).
(2001) report variable Hα that is consistent with a dMe
companion, but potential variations from additional lines
may point towards another, as yet, unknown origin. In-
frared observations further constrain the existence of a
cool companion and identify a dusty debris disk (Su et al.
2007). Active accretion of material from this debris disk
onto the CSPN is unlikely given the large gap between
the star and the inner edge of the debris disk (∼ 35 AU;
Su et al. 2007). On the other hand, the lack of a strong
stellar wind from the CSPN relaxes the conditions of neb-
ular back flow (Soker 2001). Furthermore, ionization of
any backflowing material could give rise to the variable
emission lines reported by Gruendl et al. (2001).
Our spectral fit for NGC 7293 is very similar to that
of Guerrero et al. (2001), but we note that, in these
best-fit models, there are significant discrepancies be-
tween the model and data near 1 keV. These discrepan-
cies may suggest the presence of multi-temperature com-
ponents and/or emission lines (Soker & Kastner 2002).
High-resolution grating X-ray spectroscopy of the cen-
tral star could be used to identify the nature of this hard
X-ray emitting source by resolving these potential spec-
tral lines, thereby facilitating the study of the plasma
diagnostics and/or search for asymmetries in line pro-
files from mass loss as demonstrated in such studies of
O-stars (e.g., Cohen et al. 2014).
10 Montez et al.
−2
−1
0
1
2
N
G
C
 2
3
7
1
-7
2
Full 0.15-0.3 keV 0.3-0.5 keV 0.5-0.75 keV 0.75-1.0 keV 1.0-3.0 keV
−2
−1
0
1
2
N
G
C
 2
3
9
2
−2
−1
0
1
2
N
G
C
 6
5
4
3
−2
−1
0
1
2
N
G
C
 6
8
2
6
−2 −1 0 1 2
−2
−1
0
1
2
N
G
C
 7
0
0
9
−2 −1 0 1 2 −2 −1 0 1 2 −2 −1 0 1 2 −2 −1 0 1 2 −2 −1 0 1 2
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Fig. 7.— Spectra of the CSPN emission from NGC 2392 (left) and NGC 6543 (right), which are contaminated by diffuse X-ray emission.
The adopted spectral fit for two plasma temperature model is overlaid along with the individual plasma components as described by the
legend.
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3.5. Other CSPNe
HBDS 1, NGC 1360, NGC 1514, NGC 4361, NGC
6445, and NGC 7008: For these CSPNe, the potential
origin(s) of the X-ray emission remain essentially uncon-
strained. The spectral fit for NGC 7008 does not repro-
duce the soft X-ray spectral bin (see Figure 2), suggest-
ing the need for an alternative model and/or additional
components. We adopt the fixed-NH model, but advise
caution in interpreting the model-derived parameters for
NGC 7008. In HBDS 1, NGC 4361 and NGC 6445, the
free-NH model leads to unconstrained NH and/or un-
physical X-ray fluxes, so we adopt fixed-NH . In the case
of NGC 1514 and NGC 1360, the free-NH models sug-
gest additional column density provided by the metal-
enriched nebulae themselves but the models are almost
identical in other parameters. To avoid the uncertainty
inherent in these free-NH models, we adopted the fixed-
NH models for both of these PNe.
Optical spectroscopy of the CSPN of NGC 1514 re-
veals an A-type companion spectrum, but the binary
period remains uncertain (see note in Frew 2008). For
the remaining sources, we only have speculative and/or
insufficient evidence regarding the binarity. Morpholo-
gies for these PNe trend towards the more exotic, from
the pair of rings in mid-IR imaging of NGC 1514
(Ressler et al. 2010) to spiral-like structures seen in NGC
4361 (Va´zquez et al. 1999). These morphologies are of-
ten used as indicators of binarity, but we reiterate that
only for NGC 1514 does direct evidence exist for a bi-
nary central star. None of the sources listed above have
measured wind properties, and UV spectral observations
of NGC 1514, NGC 7008, and NGC 6445 were unable
even to detect the stellar photospheres. One common-
ality among most of these PNe — the exception being
NGC 6445 — is the lack of sharply-defined inner nebular
rims. Such a characteristic makes these sources potential
candidates for PN fallback.
3.6. Variability in the X-ray observations
X-ray variability is an important characteristic that
can help distinguish the X-ray emission mechanism.
For active companions we might expect flaring behav-
ior in X-ray emission (Kastner et al. 2005), while more
rapidly varying emission is expected from accretion onto
a compact CSPN. Many of our observations are photon-
starved, limiting our ability to detect rapid variability
(i.e., variability on timescales
<∼ 1 − 10 ks). We have,
however, performed a search for flare-like variations in
the 0.3-3.0 keV energy range of our point-like detec-
tions using the CIAO routine glvary. This routine uses
the Gregory-Loredo algorithm (Gregory & Loredo 1992)
to search for non-constant flux throughout the observa-
tion3. In most of our targets, the variability index of
the Gregory-Loredo algorithm is 0 or 1 on a scale rang-
ing from 0 for not variable with high probability to 10
for variable with a high probability. The highest vari-
ability index among our sample is reached in four of our
targets (Lo 16, NGC 1360, NGC 4361, and NGC 6337),
where the variability index is 2, which is also consistent
3 See http://cxc.harvard.edu/csc/why/gregory_loredo.html
for a description of the implementation of the Gregory-Loredo al-
gorithm in CIAO and its use in the Chandra Source Catalog.
with a low probability of variability. After examination
of the light curves and high-energy background we con-
clude that, for these four sources, the variability index
is higher because of the background behavior. We con-
clude that there is no evidence for X-ray variability on
the part of any of the CSPN sources. More sensitive,
longer-duration X-ray observations will be required to
draw firmer conclusions in this regard.
3.7. Non-Detections and Upper Limits
For undetected sources, we estimate the 3σ detec-
tion threshold and 3σ background-subtracted count rates
to estimate source detectability and X-ray upper limit
fluxes and luminosities. First, we determined the 0.3-
3.0 keV background count rate in a source-free region
near the undetected central star, with an extraction ra-
dius of 10′′. We scaled these background counts to an
extraction radius of 3′′ and adopt this normalized count
level as the total background counts, CNTBG. The de-
tection threshold, in counts, is the given by CNTBG +
3.0× √CNTBG. The background-subtracted count rate
is given by CRUL = (3.0×
√
CNTBG)/T , where T is the
total exposure time. We use this background-subtracted
count rate to calculate the upper limit fluxes. The
method described above can sometimes underestimate
the limits for an undetected central star that is embed-
ded in diffuse X-ray emission because the diffuse emis-
sion effectively raises the local background. For diffuse
sources with no point-like components we used the fol-
lowing method to estimate the background count rate:
we draw a series of events from a simulated PSF (simu-
lated by ChaRT, the Chandra Ray Tracer; Carter et al.
2003), add them to the diffuse events, and produce im-
ages with 0.′′24 pixels. Through visual inspection of these
images we estimate the total number of PSF events re-
quired to produce an apparent point-like source against
the diffuse emission. These estimates vary from source
to source due to the brightness and compactness of the
diffuse X-ray emission. The results of all of our upper
limit estimates are included in Table 5.
To convert from count rates to observed (absorbed)
and intrinsic (unabsorbed) X-ray fluxes, we input the
background-subtracted upper limit count rates, CRUL,
into PIMMS simulations for a given observation cycle,
absorption, and plasma temperature. The NH values in
our simulations are those derived from the cHβ values
for each PN. For consistency with our spectral fitting
approach, we use an APEC thermal plasma with solar
abundances and simulate two models, one with TX =
1 MK and other other with TX = 8 MK. PIMMS then
yields the observed and unabsorbed flux in the 0.3-3.0
keV range that corresponds to our input upper limits on
count rate. The results of these simulations are provided
in Table 5. As expected, the upper limits for TX = 1 MK
are more sensitive to the assumed NH , then upper limits
for TX = 8 MK. The X-ray flux upper limits are higher
for TX = 1 MK than for TX = 8 MK.
4. DISCUSSION
We now discuss the spectral energy distributions of
point-like sources of X-ray emission from the CSPNe ob-
served thus far as part of the ChanPlaNS project. We
limit discussion to the X-ray properties derived assum-
ing an absorbed optically-thin thermal plasma model in
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TABLE 4
Point-like Sources of X-ray Emission in Planetary Nebulae
Object D Tstar log Lbol S.T. Binary
a Windb Mo- log NH TX log LX
(kpc) (kK) (L⊙) delc (cm−2) (MK) (erg s−1)
DS 1 0.73 90 3.48 O(H) c – 1 20.88 14.72+12.20−1.89 29.83
+0.49
−0.29
HBDS 1 0.80 114 3.66 O(H) (y) y 1 20.81 2.11+0.17−0.15 29.82
+0.27
−0.27
HFG 1 0.60 100 3.33 O(H) c n 1 21.37 8.81+9.30−1.61 30.54
+0.44
−0.27
LO 16 0.84 ≥82 – O(H) (c) – 1 21.47 15.87+14.24−2.56 29.13
+0.47
−0.31
LOTR 5† 0.50 100 2.01 O(H) (c) y 1 0.00 18.00+4.00−4.00 30.84
+0.05
−0.05
NGC 246†† 0.50 140 3.63 PG1159 w y 1 20.01 0.41+0.00−0.00: 31.31
+0.27
−0.27:
NGC 1360 0.38 110 3.30 O(H) (c) n 1 19.53 1.39+0.31−0.31 29.41
+0.72
−0.33
NGC 1514 0.37 60 4††† O(H) (c) u 1 21.44 1.79+0.20−0.12 29.64
+0.29
−0.29
NGC 2371-72†† 1.41 100 2.98 [WO1] – y 1 20.38 0.32+0.00−0.06: 31.76
+3.11
−0.26:
NGC 2392 1.28 47 3.82 Of(H) w y 1 20.90 36.28+19.64−7.81 30.58
+0.08
−0.08
NGC 4361 0.95 126 3.53 O(H) – n 2 <21.4 0.69+0.21−0.04 30.28
+0.75
−0.33
NGC 6337 0.86 105 2.6††† – c – 2 22.03+0.31−0.10 8.28
+2.45
−4.78 30.93
+2.67
−0.33
NGC 6445 1.39 170 2.97 – – : 1 21.64 10.71+3.39−6.95 30.48
+0.64
−0.28
NGC 6543 1.50 48 3.61 Of-WR(H) – y 1 20.53 10.07+2.05−1.77 29.98
+0.15
−0.11
NGC 6826 1.30 50 3.81 O3f(H) – y 1 20.71 2.17+0.39−0.48 30.32
+0.38
−0.30
NGC 7008†† 0.70 97 3.12 O(H) w n 1 21.27 7.50+2.04−4.90: 29.62
+1.02
−0.30:
NGC 7009 1.45 87 3.67 O(H) – y 1 20.61 2.85+2.54−0.69 30.41
+0.37
−0.36
NGC 7094†† 1.39 110 3.61 PG1159 (y) y 1 20.61 11.79+10.01−2.54 : 29.79
+0.49
−0.32:
NGC 7293 0.22 110 1.95 DAO – n 2 20.29+0.45−0.32 11.20
+0.26
−0.30 29.88
+0.26
−0.26
SP 1 1.13 72 3.44 O(H) c y 1 21.42 3.17+3.18−0.64 29.90
+0.36
−0.37
Note. — Source of supplementary CSPNe properties and adopted X-ray spectral model are discussed in §3.
a Binary notation scheme: ‘c’ – close binary, ‘w’ – wide binary, ‘y’ – binary with unknown period, ‘o’ – an optical pair; additionally,
we indicate suspected binarity by placing the the binary indicator within parentheses.
b Stellar wind notation is from Cerruti-Sola & Perinotto (1985): ‘y’ – P Cygni profiles were detected, ‘n’ – no P Cygni profiles
were detected and the stellar photosphere is detected, ‘:’ – the observation is not sensitive to the photosphere, ‘–’ – no UV satellite
observations are present.
c Adopted model: 1 – NH determined from cHβ (fixed-NH model), 2 – NH determined from spectral fit (free-NH model).
† X-ray emission properties of LoTr 5 are adopted from Montez et al. (2010).
†† Indicates spectral fits are unreliable for NGC 246, NGC 2371-72, NGC 7008, and NGC 7094, as discussed in §3.
† † † Lbol is estimated. For NGC 1514, Lbol is estimated from the spectral energy distribution presented by Ressler et al. (2010) using
the bolometric correction relationship from Cahn (1984). For NGC 6337, Lbol is taken from Amnuel et al. (1985), which is also the
origin of the reported temperature.
the 0.3-3.0 keV energy range, as presented in §3. The
detected point-like sources of X-ray emission (20 objects
described in Table 4) and the undetected sources (39 ob-
jects described in Table 6) comprise the sample to date.
In the following, we highlight the insight provided by this
sample of CSPNe and point towards future directions and
studies made possible by these observations.
4.1. Evidence for metal-enhanced absorption
There is some evidence in Figure 3 for enhanced ab-
sorption to the X-ray emitting sources as compared to
the absorption determined from the optical extinction to
the nebula (cHβ). The enhancement is likely due to the
metal-enriched nebular material absorbing some of the
X-ray photons as they pass through. However, our lim-
ited sensitivity to low-energy photons, and the faintness
of the sources, restrict our ability to rigorously constrain
the absorption. Future X-ray observations with high sen-
sitivity and high spectral resolution in the 0.3-1.0 keV
range may potentially resolve the absorption edges of the
nebular metals in the spectra of X-ray bright CSPNe.
4.2. Tracing the origin of X-ray emitting CSPNe
We compared the physical properties of the sample of
CSPNe to their X-ray emission properties to search for
the origin of the X-ray emission. In Figure 9, we present
the approximate locations of the CSPNe on the H-R di-
agram. From Figure 9, we infer that a larger fraction
(50%) of high-luminosity CSPNe, here defined as hav-
ing log Lbol/L⊙
>∼ 3 including the borderline cases NGC
2371-72 and NGC 6445 (symbols 9 and 13, respectively,
in Figure 9), are detected as X-ray emitting sources,
compared to only 12% of the lower-luminosity sources.
This suggests that the presence of X-ray emission might
be correlated with the central star luminosity. Indeed,
Figures 10 & 11 suggest that most of the X-ray emit-
ting CSPNe with Lbol measurements or estimates have
LX/Lbol ratios close to 10
−7. Figure 10 also reveals the
sobering reality of the inability of our existing observa-
tions to rule out emission at this level from a majority of
our undetected sources (we discuss this further below).
Figure 11 indicates that ∼ 60% of the X-ray emitting
point-like sources have log LX/Lbol ∼ −7. This frac-
tional X-ray luminosity is too large to originate from the
CSPNe photosphere (see Appendix), and is instead sim-
ilar to that seen in X-ray emission from self-shocking
stellar winds of O stars (e.g., Naze´ et al. 2011). This
comparison suggests that a similar mechanism, i.e., self-
shocking winds, might be producing the point-like X-
ray emission from many, perhaps most, CSPNe. This
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TABLE 5
Upper Limits for Point-like Sources in Planetary Nebulae
Object CNTBG 3σCNTthresh texp CRUL log NH log FX,UL1MK log FX,UL8MK
(counts) (counts) (ks) (counts s−1) (cm−2) (erg cm−2 s−1) (erg cm−2 s−1)
Abell 33 0.93 3.82 29.7 9.75e-05 19.00 -14.80 -15.31
Abell 65 1.02 4.06 29.7 1.02e-04 21.00 -14.33 -15.07
BD+30 3639† – 300 19.0 1.58e-02 21.17 -14.36 -14.90
HaWe 13 0.46 2.51 18.6 1.10e-04 21.39 -13.73 -14.76
Hb 5 1.21 4.51 29.1 1.13e-04 21.78 -12.60 -14.21
He 2-11 0.65 3.07 29.6 8.18e-05 21.84 -12.50 -14.24
IC 418† – 15 49.4 3.04e-04 21.00 -14.55 -15.19
IC 1295 1.02 4.06 29.7 1.02e-04 21.26 -14.01 -14.91
IC 2149 0.56 2.80 28.7 7.81e-05 21.09 -14.34 -15.14
IC 4637 1.02 4.06 29.6 1.03e-04 21.48 -13.58 -14.70
IC 5148/50 0.74 3.33 19.7 1.31e-04 19.53 -14.64 -15.17
M 1-26 1.21 4.51 26.7 1.23e-04 21.74 -12.71 -14.25
M 1-41 0.74 3.33 29.6 8.74e-05 21.88 -12.33 -14.13
M 27 1.12 4.28 19.8 1.60e-04 20.38 -14.48 -15.04
M 57 0.65 3.07 19.8 1.22e-04 20.84 -14.40 -15.06
M 76 1.12 4.28 29.9 1.06e-04 20.71 -14.53 -15.16
M 97 0.74 3.33 19.2 1.34e-04 19.83 -14.63 -15.16
NGC 40 0.93 3.82 19.9 1.45e-04 21.33 -14.11 -14.88
NGC 1501 0.46 2.51 19.7 1.04e-04 21.53 -13.45 -14.64
NGC 2346 0.74 3.33 29.9 8.66e-05 21.41 -13.80 -14.85
NGC 2438 1.30 4.72 29.7 1.15e-04 20.97 -14.32 -15.04
NGC 2899 1.12 4.28 29.6 1.07e-04 21.33 -13.85 -14.83
NGC 3132 0.65 3.07 24.0 1.01e-04 20.71 -14.98 -15.40
NGC 3242† – 20 29.3 6.83e-04 20.31 -14.63 -15.19
NGC 3918† 0.65 3.07 30.0 8.05e-05 21.12 -14.30 -15.11
NGC 6026 1.21 4.51 29.6 1.11e-04 21.42 -13.67 -14.73
NGC 6072 0.74 3.33 29.6 8.75e-05 21.48 -13.63 -14.77
NGC 6153 0.65 3.07 28.6 8.46e-05 21.67 -13.12 -14.53
NGC 6302 0.56 2.80 22.5 9.94e-05 21.66 -13.09 -14.47
NGC 6369† 1.21 4.51 29.6 1.11e-04 21.86 -12.31 -14.07
NGC 6772 0.84 3.58 29.4 9.34e-05 21.51 -13.54 -14.71
NGC 6781 0.74 3.33 28.3 9.16e-05 21.43 -13.74 -14.81
NGC 6804 1.39 4.94 29.6 1.20e-04 21.45 -13.59 -14.67
NGC 6894 0.65 3.07 29.2 8.27e-05 21.50 -13.61 -14.77
NGC 7027† – 40 18.2 2.20e-03 21.69 -13.23 -14.43
NGC 7076 1.02 4.06 29.6 1.03e-04 21.62 -13.18 -14.51
NGC 7354 0.56 2.80 29.6 7.57e-05 21.81 -12.67 -14.33
NGC 7662† – 20 27.6 7.25e-04 20.74 -14.55 -15.18
Sh 2-71 1.12 4.28 29.6 1.07e-04 21.72 -12.85 -14.34
Note. — Upper limit calculations are described in §3.7 and briefly described here. CNTBG gives the background
counts scaled to the extraction region of 3′′, 3σCNTthresh gives the count rate required from a signal that is 3σ above
the background, and CRUL gives the background-subtracted 3σ count rate that is used to estimate the upper limit
X-ray fluxes. We used the NH determined from cHβ measurements and two plasma temperatures of 1 MK and 8 MK
to calculate intrinsic source fluxes, FX,UL1MK and FX,UL8MK , respectively.
† Indicates that the presence of diffuse emission led to an overestimate and we adopted 3σCNTthresh using
ChaRT/MARX simulations described in the text.
is further supported by the fact that during the high-
luminosity phase of post-AGB evolution, where a major-
ity of our detections are made, stellar winds are strongest
and subsequently fade after the temperature of the cen-
tral star has peaked (Cerruti-Sola & Perinotto 1985).
Further evidence for self-shocking winds comes from UV
spectroscopy where CSPNe with variable P Cygni pro-
files are observed with high ionization potential ions (e.g.,
O VI) despite low effective temperatures, which is in-
terpreted as Auger ionization from X-ray emission due
to shocks in their stellar winds (Guerrero & De Marco
2013). For X-ray generation via self-shocking winds,
the variation in the wind speed is more important than
the absolute value. Variations of only a few hundred
km s−1, or ∼ 10% of the typical wind speed measured
from CSPN, are capable of producing X-ray emitting
shocks.
It is tempting to conclude that all sources with
log LX/Lbol ∼ −7 are caused by self-shocking stellar
winds. However, the CSPN of NGC 1360 lacks a strong
stellar wind — as determined from ultraviolet satellite
spectroscopy — and the CSPN of DS 1, which harbors
a close binary system and whose companion is likely re-
sponsible for the X-ray emission (Montez et al. 2010),
may only fall into this range coincidentally. The extant
UV observations of NGC 1360 and other CSPNe with-
out detected UV winds may not have been sensitive to
weak P Cygni line profiles, but this should also make
detection of the X-ray emission from wind shocks more
difficult. There is also the remote possibility that the
lower ionization stages that would appear in UV emission
are unpopulated because the shock-heated circumstellar
atoms are at higher ionization stages, producing emission
primarily in the X-ray regime. Though beyond the scope
of this paper, a more rigorous comparison between the
UV and X-ray emission of such metal-rich self-shocking
stellar winds is clearly necessary.
The LX/Lbol ratios that deviate from log LX/Lbol ∼
−7 are likely comprised of two different populations:
CSPNe with binary companions, and CSPNe of the hot
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TABLE 6
Non-Detections of Point-like Emission in Planetary Nebulae
Object D Tstar log Lbol S.T. Binary Wind log NH log LX,UL1MK log LX,UL8MK
(kpc) (kK) (L⊙) (cm−2) (erg s−1) (erg s−1)
Abell 33 1.16 100 2.27 O(H) w n 19.00 29.41 28.89
Abell 65 1.17 83 – CB c u 21.00 29.89 29.14
BD+30 3639 1.30 32 3.63 [WC9] – y 21.17 31.01 30.92
HaWe 13 1.01 68 1.95 hgO(H) (y) – 21.39 30.36 29.33
Hb 5 1.70 172 3.64 – – – 21.78 31.94 30.32
He 2-11 1.14 90 – – c – 21.84 31.69 29.95
IC 418 1.20 38 3.72 Of(H) – y 21.00 29.22 29.14
IC 1295 1.23 98 2.40 hgO(H) – – 21.26 30.25 29.34
IC 2149 1.52 42 3.66 Of(H) – y 21.09 30.10 29.30
IC 4637 1.30 50 3.60 O(H) (o) – 21.48 30.73 29.60
IC 5148/50 0.85 110 2.07 hgO(H) – n 19.53 29.29 28.77
M 1-26 1.20 33 3.65 Of(H) – – 21.74 31.52 29.99
M 1-41 1.47 187 – – – – 21.88 32.09 30.28
M 27 0.38 135 2.49 DAO (y) : 20.38 28.76 28.19
M 57 0.70 148 2.58 hgO(H) – n 20.84 29.37 28.70
M 76 1.20 140 2.23 PG1159 o – 20.71 29.70 29.07
M 97 0.76 105 1.95 hgO(H) – n 19.83 29.20 28.68
NGC 40 1.02 45 3.60 [WC8] – y 21.33 29.98 29.21
NGC 1501 0.72 135 3.66 [WC4] (y) – 21.53 30.34 29.15
NGC 2346 0.90 80 – O(H)? c n 21.41 30.18 29.13
NGC 2438 1.42 124 2.31 hgO(H) – – 20.97 30.06 29.34
NGC 2899 1.37 270 – – y – 21.33 30.50 29.52
NGC 3132 0.81 100 2.19 – w : 20.71 28.91 28.50
NGC 3242 1.00 89 3.54 O(H) – y 20.31 29.42 29.33
NGC 3918 1.84 150 3.70 O(H) – : 21.12 30.30 29.50
NGC 6026 1.31 35 – – c n 21.42 30.64 29.58
NGC 6072 1.39 140 2.59 – – – 21.48 30.73 29.60
NGC 6153 1.10 109 3.63 wels – – 21.67 31.04 29.63
NGC 6302 1.17 220 – – – : 21.66 31.13 29.74
NGC 6369 1.55 66 4.07 [WO3] (y) – 21.86 32.14 30.38
NGC 6772 1.20 135 2.41 – – – 21.51 30.69 29.53
NGC 6781 0.95 112 2.55 DAO – – 21.43 30.29 29.22
NGC 6804 1.47 85 3.71 O(H) (y) – 21.45 30.82 29.74
NGC 6894 1.31 100 2.23 – – – 21.50 30.70 29.55
NGC 7027 0.89 175 3.87 – – – 21.69 29.82 29.74
NGC 7076 1.47 80 3.28 – – – 21.62 31.23 29.90
NGC 7354 1.60 96 3.95 – – – 21.81 31.82 30.15
NGC 7662 1.26 111 3.42 O(H) – y 20.74 29.64 29.56
Sh 2-71 1.14 157 2.85 – – – 21.72 31.34 29.85
Note. — Columns and description as in Table 4, but with X-ray upper limit LX calculated from Table 5.
PG1159 spectral type. The CSPNe that are known or
suspected binaries are spread throughout the LX/Lbol
range, consistent with their X-ray properties being un-
correlated with the CSPN properties. Indeed, sev-
eral of these sources have been previously analyzed
(Montez et al. 2010), yielding evidence that a saturated
(log LX/Lbol ∼ −3) late-type binary companion is the
source of the X-ray emission. The present study supports
these previous results, in that the known binary CSPNe
are among the hottest X-ray sources, with plasma tem-
peratures near or above ∼ 107 K — consistent with the
X-rays arising in coronae associated with late-type bi-
nary companions. Nearly 70% of such high-TX sources
— which represent the leftmost sources in Figure 1 —
have close binary systems or active companions. This
trend towards hotter plasma temperatures amongst the
close binary systems naturally suggests that the CSPNe
of NGC 2392, NGC 6445, and NGC 7008 are ideal can-
didates for follow-up searches for heretofore undetected
binary companions. Indeed, Prinja & Urbaneja (2014)
report a tentative close binary signature in the radial
velocities measured for the CSPN of NGC 2392.
Meanwhile, although the spectral fits are uncertain,
the hot, hydrogen-deficient PG1159 stars trend to-
wards higher LX/Lbol ratios, suggesting a contribution
from photospheric emission, perhaps including NLTE ef-
fects, in addition to emission from self-shocking winds.
Hoogerwerf et al. (2007) found that the X-ray spectrum
NGC 246 includes emission from the photospheric con-
tinuum but is dominated by a complex of C V and
C VI emission lines from 0.3-0.4 keV; such behavior is
not well-modeled by our choice of plasma model, lead-
ing to a poor spectral fit and, hence, large uncertainty
in the X-ray luminosity. Similar spectral characteris-
tics are seen in the PG1159 CSPN of K 1-16, for which
Montez & Kastner (2013) used a composite photospheric
and carbon-enriched plasma model for the X-ray spec-
trum.
4.3. Alternative mechanisms
The presence of stellar winds and binary companions
amongst the X-ray emitting CSPNe naturally guides our
attempt to find a causal relationship to the X-ray emis-
sion. But there are additional potential origins for CSPN
X-ray emission. The magnetic wind confinement model
(MWCM) has been offered as a potential explanation
for the anomalously hard X-ray emission from certain
young O stars; in the case of the O-star θ1 Orionis C, a
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Fig. 8.— X-ray characteristics of CSPNe obtained from the
adopted models described in the text (see §3). Known binary
CSPNe, hot CSPNe with WR or PG1159 spectral type, and the
Helix CSPN have been identified as in Figure 1. CSPNe with un-
reliable fits (NGC 246, NGC 2371-72, NGC 7008, & NGC 7094)
are shown as lighter colored symbols.
fossil kG magnetic field is invoked to redirect the stel-
lar wind towards the equator, where the northern and
southern components collide (Gagne´ et al. 2005). Al-
though the X-ray emission from such a MWCM source
would share characteristics with that of X-ray emission
from CSPNe, we point out that kG large-scale mag-
netic fields have been ruled out from all CSPNe mea-
sured in a recent study by Leone et al. (2014). Nine ob-
jects in the Leone et al. (2014) study are X-ray emitting
CSPNe. A scaled down version of MWCM, with mag-
netic fields of a few hundred G, remains possible. The
value LX/Lbol ∼ 10−7 that is characteristic of O-stars is
not uniquely associated to self-shocking winds; in fact,
colliding wind binaries (CWB) also display a similar ra-
tio (Naze´ et al. 2011). In this case, stellar winds from
two massive stars collide to form X-ray emitting plasma
between the two stars. Such a scenario in CSPNe would
require two stars driving stellar winds of similar strength
yet no such candidates exist among the X-ray emitting
CSPNe. Nevertheless, a search for synchrotron radiation
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Fig. 9.— Approximate positions of our CSPNe on the H-R
diagram, with post-AGB evolutionary tracks from Schoenberner
(1983) and Bloecker (1995) overlaid. Detected sources are indi-
cated on the left while non-detections are indicated on the right.
Known binary CSPNe, hot CSPNe with WR or PG1159 spectral
type, and the Helix CSPN have been identified as in Figure 1.
CSPNe without estimates of Lbol are not included in this plot.
from these X-ray emitting CSPNe may help determine if
a CWB-mechanism is responsible for the X-ray emission.
Accretion onto the CSPN is another potential origin
for the observed X-ray emission; indeed, accretion disk
winds have been invoked as a PN shaping mechanism
(Blackman et al. 2001b). In Montez et al. (2010) we con-
sidered accretion in detail for the PCEB CSPNe DS 1,
HFG 1, and LoTr 5 and found this scenario difficult
to reconcile with observations. Many of the arguments
made in Montez et al. (2010) apply to the larger Chan-
PlaNS sample of X-ray emitting CSPNe. First, the max-
imum temperature for an accretion disk around a typ-
ical CSPN barely reaches 106 K in the most compact
CSPN, but these are also the most evolved CSPNe and
are seldom detected in X-rays. In those CSPNe that
are detected, the X-ray plasma temperature is an or-
der of magnitude hotter than expected from an accre-
tion disk. Second, accretion directly onto the surface
of a CSPN is possible but requires a reservoir for the
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Fig. 10.— X-ray luminosity as determined from the adopted
model best-fit parameters (left; Table 4) or upper limit estimates
for a 1 MK thermal plasma (right; Table 6) and appropriate dis-
tances versus the CSPN bolometric luminosity. Known binary
CSPNe, hot CSPNe with WR or PG1159 spectral type, and the
Helix CSPN have been identified as in Figure 1. CSPNe with un-
reliable fits are shown as lighter colored symbols. In both panels,
the overlaid lines illustrate log LX/Lbol ratios of -8 (lowest dashed
line), -7 (solid line), and -6 (highest dashed line).
accreting gas and dust, such as fallback of nebular mate-
rial (Soker 2001; Frankowski & Soker 2009). Any spher-
ical accretion onto the surface of the CSPN will have
to contend with the outflowing stellar wind; thus spher-
ical accretion is unlikely in CSPNe with strong winds,
hence accretion, if it does occur, is likely to involve an
accretion disk. To first approximation, the tempera-
ture of material free-falling onto a CSPN could reach
108 K (Frank et al. 2002), but perhaps an isobaric cool-
ing flow, such as is thought to arise from the boundary
layer in WDs in cataclysmic variable (CV) systems, is
more likely (Pandel et al. 2005). Indeed, the X-ray char-
acteristics of CSPN are similar to those observed from
cooling flows in CVs, but with even cooler temperatures
that could perhaps be attributed to the larger radii of
the contracting CSPNe. On the subject of accretion
disks, pulsed jets launched by the young stellar objects
may produce X-ray emission that remains stationary, at
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Fig. 11.— X-ray luminosity as determined from the best-fit
adopted model scaled by bolometric luminosity of the CSPN versus
CSPN temperature. Known binary CSPNe, hot CSPNe with WR
or PG1159 spectral type, and the Helix CSPN have been identified
as in Figure 1. CSPNe with unreliable fits are shown as lighter
colored symbols. Lo 16 does not appear on this plot as its Lbol is
unknown.
the base of the jets, and display X-ray properties simi-
lar to these observed from CSPNe (Bonito et al. 2011).
Such a pulsed jet could be the shaping agent of PN.
Prinja & Urbaneja (2014) have found evidence for polar-
oriented, high-velocity outflow in UV spectra of NGC
2392. If such polar outflows are ubiquitous features of
CSPNe, shocks at the bases of these outflows should be
considered among the potential origins of CSPN X-ray
emission.
4.4. Detectability and the Undetected CSPNe
The nondetections and their estimated upper limits re-
veal the limitations of our observations in detecting the
different classes of CSPN X-ray emission found thus far.
For the most conservative upper limit estimates — which
are based on a plasma temperature of 1 MK, i.e., what
we expect for wind shocks, our upper limits on LX/Lbol
ratios suggest that the observations cannot rule out X-
ray emission at a level with log LX/Lbol ∼ −7 for a
majority of our CSPNe (see Figure 10). Only 20-30% of
our upper limit ratios lie at or below log LX/Lbol ∼ −7.
Examination of our upper limit calculations for a 1 MK
plasma reveal that the upper limits on X-ray luminosi-
ties are more strongly correlated with NH than with dis-
tance. The distribution of nondetections skews towards
higher NH values compared to the detected CSPNe. It
is furthermore apparent that the upper limits on X-ray
luminosities for a 1 MK plasma have steadily worsened
since the launch of Chandra due to its decreased soft X-
ray sensitivity (Marshall et al. 2004). This combination
of high NH and decreasing soft X-ray sensitivity likely
explains the decrease the detection rate in later cycles.
On the other hand, the upper limits calculated by as-
suming a higher temperature plasma (8 MK) are less
sensitive to these effects and exhibit relatively stable be-
havior since the launch of Chandra. These “hard” X-ray
emission upper limits can be used to further exclude po-
tential spun-up binary companions. In this context, we
briefly discuss the known close binary systems that were
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not detected in our observations.
Five of the nine close binary systems in our sample are
detected, and these CSPNe display some of the hard-
est X-ray spectra. The four close binary CSPNe that
were not detected are Abell 65, Hen 2-11, NGC 2346,
and NGC 6026, which have orbital periods of 1, 0.6, 16,
and 0.53 days, respectively (De Marco 2009; Jones et al.
2014). Hillwig et al. (2010) suggests the secondary star
in NGC 6026 might be a compact white dwarf based
on its compact size and high luminosity of ∼ 102L⊙;
hence this CSPN companion is unlikely to harbor a reju-
venated corona that would appear as a luminous X-ray
source, and we do not consider it further. The heavily
absorbed nucleus and uncertainty of the binary system
parameters of the CSPN in NGC 2346 — may consist of
a compact sdO star and an A star, similar to NGC 1514
(Mendez & Niemela 1981) —renders conclusions diffi-
cult. The upper limit X-ray luminosities derived from our
observations of the remaining undetected binary CSPNe
(Abell 65 and Hen 2-11) for an 8 MK plasma are 1.4 and
8.9×1029 erg s−1, respectively (see Table 5). For the sec-
ondaries found in Abell 65 (Shimansky et al. 2009) and
Hen 2-11 (Jones et al. 2014), the limit on log LX/Lbol,2
is -3.6 and -2.8, respectively. These two limits are similar
to what we expect to observe from spun-up companions,
thus deeper observations may yet detect saturated (or
somewhat less than saturated) X-ray emission from the
companions.
5. SUMMARY AND CONCLUSIONS
We have studied X-ray emission in the 0.3-3.0 keV en-
ergy band from the CSPNe observed thus far as part of
the ChanPlaNS project. We performed spectral analy-
sis of 20 point-like sources of CSPN X-ray emission and
determined upper limits for 39 undetected CSPNe. The
majority of the detected CSPNe spectra are well mod-
eled as absorbed optically-thin thermal plasmas. The
collective characteristics of the CSPNe and their X-ray
emission suggest to two likely origins, (1) coronal activ-
ity associated with late-type binary companions and (2)
self-shocking stellar winds. These two processes can be
distinguished based on CSPN X-ray emission character-
istics. We find that the ratio of X-ray to bolometric lu-
minosity, LX/Lbol, and characteristic X-ray plasma tem-
perature, TX , can be used as first-order discriminators
of binary companion versus shock origins for the X-ray
emission: high-temperature plasmas (TX
>∼ 6 MK) with
no clear correlation between LX and the central star bolo-
metric luminosity are likely due to active binary com-
panions, whereas low temperature plasmas and values of
log LX/Lbol ∼ −7 are indicative of wind shocks. For the
hottest central stars (
>∼ 130 kK), we cannot rule out a
contribution from photospheric emission in the spectral
energy distribution for photon energies
>∼ 0.3 keV, but
only 2-3 CSPNe with X-ray emission fall into this range
thus far. Optical and/or infrared spectroscopic evidence
of CSPN binarity and stellar winds, where available, gen-
erally provides support for the preceding wind and ac-
tive late-type companion mechanisms as likely origins of
CSPN X-ray emission.
These two classes of CSPN X-ray emission – self-
shocking winds and binary companions – may offer con-
straints for models of PN formation and shaping (see re-
views in Balick & Frank 2002; De Marco 2009). Ejection
of a common envelope, resulting in a close binary PN nu-
cleus, is invoked as a mechanism to explain PN formation
(De Marco 2009). Such systems produce characteristic
shapes and structures in their nebulae (Miszalski et al.
2009) and, based on the analysis of ChanPlaNS obser-
vations presented here, it appears hard X-ray emission
may be characteristic of the resulting CSPN. X-ray emis-
sion from self-shocking stellar winds provide unique con-
straints of the circumstellar conditions (densities, ener-
getics, and radiation) of CSPNe. The presence of such
shocks also emphasize the instabilities of CSPN winds,
providing a vital new ingredient for models that invoke
shaping by a fast stellar wind. Meanwhile, alternative
origins of the X-ray emission hint at polar outflows and
equatorial material, structures often invoked to explain
the shapes of PN via hydrodynamic interactions. By bet-
ter establishing the potential origin(s) of the CSPN X-ray
emission – via observations of additional PNe selected so
as to maximize the likelihood of detecting X-rays from
binary companions and wind shocks, as well as through
deeper observations of the brightest CSPN X-ray sources
detected thus far – we can further tap the potential of
CSPN X-ray sources to constrain models describing PN
shaping.
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APPENDIX
PHOTOSPHERIC EMISSION FOR PHOTON ENERGIES ≥ 0.3 KEV
Detection Threshold
We consider the potential for photospheric emission, modeled by blackbody distributions or NLTE atmosphere
models, to emit X-ray photons in the 0.3-8.0 keV energy range. We begin by considering the best case scenario
(appropriate for, e.g., NGC 7293 or M 27), i.e., a CSPN at a distance of 0.25 kpc from the Sun with negligible absorption.
Based on the typical background rates of our sample, we take the detection threshold of an on-axis observation on the
Chandra ACIS-S3 chip in the 0.3-8.0 keV energy band as FX = 10
−15 erg cm−2 s−1. This corresponds to an X-ray
luminosity threshold of
LX ∼ 8× 1027 erg s−1
(
FX
10−15 erg cm−2 s−1
)(
D
0.25 kpc
)2
. (A1)
For comparison with observations, we scale the X-ray luminosity by the central star bolometric luminosity, Lbol, which
can range from a few tens of L⊙ up to ∼ 104 L⊙. For a bright central star with Lbol = 103L⊙, log LX/Lbol ∼ −8.7,
this suggests that to produce X-ray flux in the 0.3-8.0 keV band, log LX/Lbol must satisfy the following condition:
log
LX
Lbol
>∼ −8.7 + 2 log
(
D
0.25 kpc
)
− log
(
Lbol
103L⊙
)
. (A2)
In the following section we use the above criteria to determine the photospheric models that might contribute detectable
X-ray flux for energies larger than 0.3 keV.
Photospheric Models
We use blackbody distributions and NLTE model atmospheres to model the photospheric emission of the CSPNe.
The blackbody model is determined by the temperature and model normalization, which is derived from the distance-
scaled luminosity. The NLTE atmosphere models are characterized by temperature, model normalization, which is
also derived from the distance-scaled luminosity, and a limited grid of log g. Furthermore, we consider two chemically-
distinct NLTE atmosphere models, an H-rich model with solar metal abundances and an H-poor model with metal
abundances typical of PG1159-type CSPNe. For more information on these NLTE models, the reader is referred to
Rauch (2003). These models are folded with the instrumental responses to produce observed X-ray spectra from which
we calculate observed fluxes and median energies.
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Fig. 12.— LX/Lbol ratios for photospheric models indicated in the legend and discussed in the text. Absorption-free distance limits
using Equation A2 are also indicated.
In Figure 12, we present the ratios of the X-ray luminosity in the 0.3-8.0 keV energy band with the bolometric
luminosity of the central star for each model. The absorption-free detection limits for a range of distances of ChanPlaNS
targets are included in Figure 12. These limits suggest that only blackbody distributions with Teff > 120 kK can
produce detectable flux in the 0.3-8.0 keV energy band. However, at such high temperatures, NLTE effects like metal
line-blanketing begin to dominate the high-energy, low-wavelength spectrum. The H-rich NLTE models are not capable
of producing detected X-ray emission in the 0.3-8.0 keV energy range for the typical range of central star temperatures.
However, H-poor, PG1159-type NLTE models with central star temperature (
>∼ 130 kK) can produce detectable X-ray
flux in the 0.3-8.0 keV energy band, but the detectability decreases with distance and absorption.
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Fig. 13.— X-ray spectra of the photospheric models for a central star temperature of 140 kK and log NH (cm
−2) of 19, 19.72, 20.44,
21.16, and 21.88. In each panel, the thick orange lines indicate a blackbody distribution while the black lines indicate various NLTE model
atmospheres. The models have been normalized by dividing by the maximum value of the model with log NH = 19. These X-ray spectra
suggest that H-deficient NLTE model atmospheres are capable of producing an excess X-ray flux above 0.5 keV.
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Fig. 14.— The median energy and NH loci for blackbody and H-poor NLTE models for a central star temperature of 140 kK.
Detectable X-ray Flux from only the Hottest and Brightest H-deficient CSPNe
Ultimately, these considerations suggest that only the hottest and brightest (nearest) H-deficient central stars are
capable of producing detected X-ray flux in the 0.3-8.0 keV energy range. One such system, the central star of PN K
1-16, was considered in Montez & Kastner (2013), where they found the NLTE model atmosphere successfully modeled
soft X-ray emission below 0.3 keV and some X-ray emission above 0.3 keV, but not the excess flux at ∼0.35 keV. The
authors modeled this excess flux with a carbon-rich plasma likely due to shocks in the circumstellar environment.
Indeed, examining the X-ray spectra of the NLTE model atmospheres (Tstar = 140 kK provided in Figure 13) reveals
the excess is above 0.5 keV. The transition from low-energy median energies to that above 0.5 keV, is quite sudden as
a function of NH , as indicated in Figure 14. This is due to the severe effect of absorption on the soft X-ray photons
predicted by the NLTE models. Both Herald & Bianchi (2011) and Kaschinski et al. (2013) include non-photospheric
X-ray emitting components in their modeling of CSPNe spectra, indicating either NLTE models are not accurately
predicting the X-ray emission or pointing towards a non-photospheric source of X-ray emission.
